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Abstract: In indirect inertial confinement fusion (ICF), the prediction of gas pressures and mass flow
rates in the hohlraum is critical for fielding the hohlraum film and the support tent. To this end, it is
desirable to understand the gas filling and evacuation process through the microcapillary fill tube
and the support tent. In this work, a unified flow simulation of the filling and evacuation processes
through the microcapillary fill tube and the support tent in an ICF hohlraum was conducted to study
the gas pressure and mass flow rate in the hohlraum. The effects of the support tent size and the
microcapillary fill tube size on the critical pressure variation and pressure difference across the hole
on the support tent are examined. The results indicate that an increase in the diameter of the hole
and the hole number leads to a smaller pressure difference across the hole on the support tent. If the
diameter of the hole on the support tent is larger than 0.06 mm, the critical pressure variation rate is
nearly independent of the diameter and the hole number. Increases in the diameter and decreases in
the length of the microcapillary fill tube induce a larger critical pressure variation rate and pressure
difference across the hole, which is conductive to fielding the hohlraum film.

Keywords: filling; evacuation; inertial confinement fusion; hohlraum; Knudsen regime;
microcapillary tube

1. Introduction

In inertial confinement fusion (ICF), a capsule filled with deuterium-tritium is imploded to ignition
and burns under appropriate conditions, which bring clean and sustainable energy [1–5]. In particular,
the indirect drive approach of ICF relies on the efficient conversion of laser power to X-rays that heat and
symmetrically drive the capsule implosion embedded in a cylindrical hohlraum [6,7]. The cylindrical
hohlraum is initially filled through microcapillary fill tubes with low-Z gas to control the implosion
symmetry [8,9]. However, the low-Z gas in the hohlraum is easy to diffuse to the surrounding vacuum,
and gas pressure variations can cause a displacement of the polymeric film and the capsule support
tent in the hohlraum [10,11]. Therefore, it is necessary to precisely control the filling and evacuation
processes in the hohlraum in ICF experiments to prevent large displacements of the polymeric film
and the capsule support tent, or even a rupture of the polymeric film and the capsule support tent.

Some experimental and nondestructive methods, i.e., interferometry, mass spectrometry, and
interferometry, have been applied in ICF experiments [12–14]. Steinman et al. [15] measured the gas fill
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half-life of ICF glass capsules, using three independent techniques, namely, weighing, interferometry
and mass spectrometry. The measured half-lives by the three independent techniques agreed within
approximately 10% of the average. Through a white-light interferometry approach, which can be as
accurate as results using the destructive bubble method, the measurement of the fuel gas pressure of
ICF targets with multiple-shells was carried out by Wang et al. [16]. They studied the gas retention
capability of ICF targets using interferometry with long-time vertical scanning. To investigate the
3He permeability of the deuterium-tritium (DT)-filled, fused silica ICF shell, the off-gassing rate
was recorded by an automated data collection system in a small stainless steel cell with a known
volume [17]. However, the gas pressure characteristics of the hohlraum are less understood. Moreover,
because the hohlraum capsule is divided by the support tent into two parts, nondestructive methods
are not suitable for measuring the pressure of each part of the hohlraum with the capsule support tent.
Therefore, it is urgent to theoretically investigate the filling and evacuation processes in an inertial
confinement fusion hohlraum with a support tent.

While the low-Z gas is diffusing to the vacuum through the microcapillary fill tubes and the
support tent, the low-Z gas flow lies in the continuum flow region, the slip flow region, the transition
flow region, and the free-molecular flow region [18,19]. In particular, deviating from the macroscopic
continuum, the gas flow in the transitional flow region and the free-molecular flow region manifests a
rarefied effect [20,21]. The classical Navier–Stokes equation is not suitable to describe the gas flow
in this condition. Bhandarkar et al. [13] developed a slip model for compressible gas flow through
microcapillary fill tubes on National Ignition Facility targets. The model was also successfully used to
predict pressure change profiles in the hohlraum and showed good agreement with their experimental
observations. However, the gas flow through the support tent in an inertial confinement fusion
hohlraum is still waiting to be investigated. In addition, the effect of the support tent on gas pressure
characteristics has not been clarified yet.

Therefore, a unified flow simulation of the gas filling and evacuation processes through the
microcapillary fill tube and the support tent in the hohlraum is conducted to predict the gas pressure
in the hohlraum, with a particular focus on the effects of the hole on the support tent size and the
microcapillary fill tube size on critical pressure variations and pressure differences across the hole on
the support tent. The dynamic pressures inside the hohlraum (including the left and right halves of
the hohlraum) and outside the hohlraum during the filling and evacuation process are analyzed and
discussed. The current study contributes to a fuller understanding of dynamic gas flow behaviors
through the microcapillary fill tube and the support tent of the ICF hohlraum.

2. Mathematical Model

In an effort to study the gas retention characteristics of the hohlraum, as shown in Figure 1,
a theoretical model of the filling and evacuation processes through the microcapillary fill tube and the
support tent in an ICF hohlraum was developed. In our model, a cylindrical hohlraum with a volume
of 17.49 m3 (diameter dh = 2.2 mm, length Lh = 4.6 mm) comprised the support tent and hohlraum film.
The hohlraum was divided into the left part and the right part by the support tent. There were several
support holes with diameter ds and number Ns on the support tent. A microcapillary fill tube with
diameter dx = 0.1 mm and length Lx = 500 mm was used to connect the hohlraum to an infinitely large
gas filling chamber. The pressures of the left half of the hohlraum and the right half of the hohlraum
were PL and PR, respectively. Meanwhile, the pressure outside the hohlraum was Po, which was
also the pressure of the gas filling chamber. Since we mainly focus on the gas flow of the hohlraum,
neglecting changes in the temperature, the temperatures inside and outside the hohlraum Ti and To

were set to be 298.15 K throughout the filling and evacuation processes. The gas flow in the hohlraum,
which was filled with He, was assumed to follow the ideal gas state equation. To investigate the safety
of the hohlraum film, the pressure difference between the inside and outside of the hohlraum, which
was also the pressure difference across the hohlraum film, was defined as ∆Pio = PR − Po. The critical
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value of the pressure difference across the hohlraum film was set as ∆Pc = 0.5 atm, for fielding the
hohlraum film [1].
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Figure 1. Schematic of the inertial confinement fusion hohlraum with the microcapillary fill tube and
the support tent.

2.1. Governing Equations

To simulate the filling and evacuation processes, accounting for rarefaction effects, which cannot
adequately be described by continuum flow mechanics, a unified flow model accounting for the entire
Knudsen regime was proposed by Beskok and Karniadak [22]. Based on the unified flow model, the
gas mass flow rate through the microcapillary fill tube can be expressed as follows:

.
M = −

πd4
xPavg

8µ0RT
×

∆P
Lx

(
1 + αKnavg

)(
1 +

4Knavg

1− bKnavg

)
, (1)

where b = −1, Pavg = (Pi + Po)/2.
The Knudsen number for the hohlraum is given by the following:

Kn =
µ0

Pdx

√
πRT

2
. (2)

The parameter α is given by the following:

α = α0
2
π

tan−1
(
α1Kn

β
)
, (3)

where α1 = 4, β = 0.4, and α0 = 1.19, which are obtained from experimental results of the air flow
through a metal capillary by Tison [23].

Differentiating the gas state equation PV = mRT, we obtained the following:

dP
dt

=
1
V

(
mR

dT
dt

+ RT
dm
dt

)
. (4)

Since the hohlraum was divided into two parts by the support tent, during the filling process the
low-Z gas first enters the left half of the hohlraum through the microcapillary fill tube, and then the
right half of the hohlraum through the support tent. For the gas evacuation process, the gas flows in
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the opposite direction. Hence, the gas state equation of the left half of the hohlraum the right half of
the hohlraum was modified as follows:

dPL

dt
=

1
VL

(
mLR

dT
dt

+ RT
dmL

dt

)
, (5)

dPR

dt
=

1
VL

(
mRR

dT
dt

+ RT
dmR

dt

)
, (6)

Equation (5),(6) were modified to ignore the influence of temperature.

dPL

dt
=

RT
VL

dmL

dt
=

RT
VL

.
ML (7)

dPR

dt
=

RT
VR

dmR

dt
=

RT
VR

.
MR, (8)

where
.

ML and
.

MR represent the gas mass flow rate of the left half of the hohlraum and the right half of
the hohlraum. When the gas flow goes into the hohlraum,

.
ML and

.
MR are positive and vice versa.

The
.

ML and
.

MR at the moment t is:

.
Mt,L =

.
Mt,o −

.
Mt,orifice, (9)

.
Mt,R =

.
Mt,orifice, (10)

where
.

Mt,o is the current gas mass flow rate outside the hohlraum, and
.

Mt,Orifice is the current gas mass
flow rate of the hole on the support tent, which can be obtained according to the following empirical
formula of the mass flow rate ratio at the hole of the support tent.

W =

.
Mt,Orifice

.
M f m0

=

 γ1 + γ2
√

Kn
1 + γ3Kn + γ4Kn2 + 1

(1− Pr), (11)

where Pr = PHigh/PLow is the pressure ratio between the high-pressure half of the hohlraum and
low-pressure half of the hohlraum. γ1, γ2, γ3, γ4 are the parameters related to Pr as follows:

γ1 = 8.299Pr
3
− 4.166Pr

2 + 1.974 Pr + 0.4733, (12)

γ2 = 29.63Pr
3
− 8.61Pr

2 + 3.415 Pr + 0.6413, (13)

γ3 = 2.01Pr
3 + 8.269Pr

2 + 2.963 Pr + 5.2, (14)

γ4 = 286.5Pr
3
− 145.4Pr

2 + 30 Pr +4.025. (15)
.

M f m0 is the mass flow rate at the hole on the support tent when the gas flow is towards the
vacuum and at the free-molecular region.

.
M f m0 =

γ1
2√π

va
pHigh, (16)

where va =
√

8RT/π is the mean molecular velocity.

2.2. Boundary Conditions and Numerical Solution

For the filling process, the low-Z gas first enters the left half of the hohlraum through the
microcapillary fill tube, and then the right half of the hohlraum through the support tent. The left half
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of the hohlraum, the right half of the hohlraum and outside the hohlraum all start with a pressure of 0
atm and end with a pressure of 15 atm. The pressure variation rate outside the hohlraum is Φ.

PL|t=0 = PR|t=0 = Po|t=0 = 0 atm, (17)

PL|t→∞ = PR|t→∞ = Po|t→∞ = 15 atm, (18)

dPo

dt
= Φ. (19)

For the gas evacuation process, the low-Z gas first evacuates from the right half of the hohlraum to
the left half of the hohlraum through the support tent, and then to the gas filling chamber through the
microcapillary fill tube. The left half of the hohlraum, the right half of the hohlraum and outside the
hohlraum all start with a pressure of 15 atm and end with a pressure of 0 atm. The pressure variation
rate outside the hohlraum is Φ.

PL|t=0 = PR|t=0 = Po|t=0 = 15 atm, (20)

PL|t→∞ = PR|t→∞ = Po|t→∞ = 0 atm. (21)

dPo

dt
= −Φ. (22)

The gas state equation and the unified flow theory equation along with the boundary conditions
described above were solved by utilizing the Newton iterative technique to obtain a numerical solution
to the gas flow model in the hohlraum. The equations were solved by self-programming using
MATLAB 2010. Firstly, the gas mass flow rate

.
Mt,L,

.
Mt,R,

.
M f m0 and

.
Mt,Orifice at the current time step

can be obtained by solving Equations (1), (9)–(11) with the pressure value in the hohlraum of the
previous time step. Then, we can get the pressure value in the hohlraum PL and PR, and the pressure
outside the hohlraum Po at the current time step with the gas state Equations (7) and (8). To obtain the
pressure value of the next time step, the numerical solution should be done again.

2.3. Case Validation

To verify the model, the dimensionless mass flow rates of the gas flow in an elongated channel are
plotted with the Knudsen number as the abscissa in Figure 2.
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The dimensionless gas mass flow rate is defined as follows:

M = −
3π

64Kn

(
1 + αKn

)(
1 +

4Kn

1− bKn

)
. (23)

Good agreement with a large Knudsen number range is observed between the mass flow rate
prediction of the unified flow model and the analytic solutions of linearized Boltzmann solutions by
Loyalka and Hamoodi [24], which confirms the validity of the unified flow model in the whole flow
region in the hohlraum. In Reference [24], a cylindrical tube is considered with an enclosed gas flow
driven by a pressure gradient parallel to the axis. The temperature of the tube is constant and the gas
constant is 8.31/(mol·K).

To validate the present model, the experimental setup for the gas evacuation process is shown in
Figure 3a. A cylindrical vessel with the diameter of 9.4 cm and the height of the 10 cm was used to
model the hohlraum. And the cylindrical vessel was connected to a vacuum tank, which was used to
model the gas filling chamber. During the experiment, the air in the vacuum tank was removed by
a vacuum pump, then the pressure in the cylindrical vessel dropped from 3000 Pa to 150 Pa which
was measured by a vacuum gauge [25]. As shown in Figure 3b, the positive agreement of the air
pressure evolution inside the cylindrical vessel between the numerical simulations and experimental
data verified that the proposed model was able to predict the dynamic pressure in the hohlraum.Processes 2019, 7, x FOR PEER REVIEW 6 of 15 
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Figure 4. Gas flow during the gas filling process: (a) Φ = 10 atm/min; (b) Φ = 23 atm/min. 
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Figure 3. Comparison of the gas evacuation process between the numerical simulations and
experimental data: (a) experimental setup; (b) air pressure evolution.

3. Results and Discussions

3.1. Filling and Evacuation Processes

To elucidate the effect of the pressure variation rate on the gas flow in the hohlraum, this study
investigated gas pressure characteristics during the gas evacuation and filling processes. In this section,
the number of holes on the support tent is set to 1, and the diameter of the hole on the support tent is set
to 0.2 mm. Figure 4 shows the filling of low-Z gas into the hohlraum. The gas mass flow rate quickly
rose to the highest value once the filling process started. Simultaneously, the pressure difference across
the hohlraum film ∆Pio rose instantly to 0.324 atm (Φ = 10 atm/min) or 0.49 atm (Φ = 23 atm/min).
Next, the gas mass flow rate rapidly decreased to a steady-state value and then the pressure difference
across the hohlraum film gradually decreased. Furthermore, the pressure revolutions of the left half
of the hohlraum and the right half of the hohlraum were basically synchronized. Additionally, the
pressure difference across the hole on the support tent ∆PLR = PL − PR stabilized at a finite value for a
long period after reaching a peak at the initial time. As the pressure variation rate rose, both the above
two pressure differences increased. When the rate of increase in pressure was 23 atm/min, the pressure
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difference across the hohlraum film ∆Pio was 0.49 atm, which was quite near the critical pressure
difference ∆Pc.
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Figure 4. Gas flow during the gas filling process: (a) Φ = 10 atm/min; (b) Φ = 23 atm/min. 
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Figure 4. Gas flow during the gas filling process: (a) Φ = 10 atm/min; (b) Φ = 23 atm/min.

Figure 5 shows the gas evacuation process. The gas evacuation mass flow rate first increased
dramatically to a stable value, and maintained this for a long period of time. However, it decreased
significantly in a short period of time at the end of the evacuation process. Correspondingly, the
pressure of the left half of the hohlraum, the right half of the hohlraum, and outside the hohlraum
gradually decreased as the time went on, but then decreased abruptly at the end of the gas evacuation
process. However, the decrease of the gas pressure outside the hohlraum was larger than the pressure
in the hohlraum. Therefore, the pressure difference across the hohlraum film ∆Pio decreased as time
increased. Meanwhile, the pressure difference across the hole on the support tent ∆PLR stabilized at a
finite value for a long period before reaching a minimum at the end. As the pressure variation rate rose,
both the above two pressure differences increased. When Φ = was 23 atm/min, the pressure difference
across the hohlraum film ∆Pio was 0.48 atm, which was quite near the critical pressure difference ∆Pc.

For fielding an ICF hohlraum film, it is essential to limit the pressure variation rateΦc to the critical
pressure value ∆Pc [26,27]. The effects of the pressure variation rate Φ on the maximum ∆Pio and on
the maximum ∆PLR during the filling and evacuation processes are shown in Figure 6. As shown
in the figure, as the rate of pressure variation Φ increased, both ∆Pio, max and ∆PLR, max increased.
Additionally, the curves of ∆Pio, max for the filling and evacuation process were very close to each
other, and Φc for the filling and evacuation processes were both approximately equal to 24 atm/min.
Under critical rates of the pressure variation Φc, the maximum pressure difference across the hole on
the support tent ∆PLR, max was 6 × 10−5 atm. For the hohlraum in this study, the filling or evacuation
pressure variation should have been less than 24 atm/min to prevent the rupture of the hohlraum film.
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maximum ∆Pio and ∆PLR.

3.2. Effect of the Hole on the Support Tent

The pressure difference across the hole on the support tent determines the displacement of the
support tent, which also needs to be addressed for ICF. Figure 7 shows the time evolution of the
pressure difference across the hohlraum film and between the left half of the hohlraum and the right half
of the hohlraum with different diameters of the hole in the support tent. An increase in the diameter of
the hole on the support tent led to a decrease in the pressure difference across the hohlraum film at the
beginning of the gas evacuation process and at the end of the filling process. However, the maximum
∆Pio was nearly independent of the diameter of the hole on the support tent. This result indicates that
there was nearly no effect of the diameter of the hole in the support tent on ruptures of the hohlraum
film. In addition, as the diameter of the hole on the support tent increased, the pressure difference
across the hole on the support tent decreased, resulting in a larger displacement of the support tent.
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Figure 7. Time evolution of the pressure difference between the inside and outside hohlraum and
between the left half hohlraum and the right half hohlraum (Ns = 1). (a) Gas evacuation (Φ= 20 atm/min);
(b) gas filling (Φ = 20 atm/min).

Figure 8 shows the effect of the diameter of the hole do of the support tent on the critical pressure
variation rate Φc and the maximum pressure difference across the hole of the support tent ∆PLR, max.
As seen from the figure, if the diameter of the hole on the support tent was smaller than 0.06 mm,
increasing the diameter of the hole in the support tent increased the critical pressure variation rate Φc.
If the diameter of the hole in the support tent wass larger than 0.06 mm, the critical pressure variation
rate Φc was nearly independent of the diameter of the hole in the support tent, and the values for the
filling and evacuation processes were very close, which was attributed to the small resistance of the
support rent. In addition, the increasing area of the hole on the support tent made it easier for the
low-Z gas to pass through the hole in the support tent, so the maximum pressure difference across the
hole on the support tent ∆PLR, max decreased.
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The number of holes in the support tent is a variable for the ICF experiments. Figure 9 shows the
effect of the number of holes in the support tent Ns on the critical pressure variation rate Φc and the
maximum pressure difference across the holes in the support tent ∆PLR, max. When the diameter of the
hole of the support tent was 50 µm, the critical pressure variation rate Φc during the filling process
was close to that during the gas evacuation process. In addition, with more holes in the support tent,
the critical pressure variation rate Φc increased gradually to a stable value, which was beneficial to
the safety of the hohlraum film. When the diameter of the hole in the support tent was 0.2 mm, Φc

remained constant both during the filling and evacuation processes. Furthermore, with more holes in
the support tent, the gas could pass more easily through the support tent which increased the gas flow
area. Consequently, the maximum pressure difference across the hole in the support tent ∆PLR, max

decreased. Therefore, if the diameter of the hole on the support tent was larger than 0.06 mm, the
critical pressure variation rate was nearly independent of the hole diameter and number.Processes 2019, 7, x FOR PEER REVIEW 10 of 15 
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Figure 9. Effect of the number of the hole on the support tent No on the critical pressure variation rate
Φc and the maximum pressure difference across the hole on the support tent ∆PLR, max. (a) ds = 50 µm;
(b) ds = 0.2 mm.

3.3. Effect of the Microcapillary Fill Tube

Apart from the support tent, the gas flow in the hohlraum was also affected by the microcapillary
fill tube. Figure 10 shows the effect of the diameter of the microcapillary fill tube dx on the critical
pressure variation rate Φc and the maximum pressure difference across the hole in the support
tent ∆PLR, max. As the diameter of the microcapillary fill tube increased, both the critical pressure
variation rate Φc and the maximum pressure difference across the hole in the support tent ∆PLR, max

increased accordingly. Additionally, the curves of the critical pressure variation rate Φc for the filling
and evacuation processes were very close to each other. Therefore, increasing the diameter of the
microcapillary fill tube dx prevented failures of hohlraum films.



Processes 2019, 7, 269 11 of 15

Processes 2019, 7, x FOR PEER REVIEW 10 of 15 

0 1 2 3 4 5 6 7 8 9
8

12

16

20

24

|P
L

R
, 

m
a
x
| 
(P

a
)


c
 (

a
tm

m
in

-1
)

 Filling

 Leaking

N
s

0

1000

2000

3000

 

0 1 2 3 4 5 6 7 8 9
8

12

16

20

24

|P
L

R
, 
m

a
x
| 
(P

a
)


c
 (

a
tm

m
in

-1
)

 Filling

 Leaking

N
s

0

1

2

3

4

5

6

 
(a) (b) 

Figure 9. Effect of the number of the hole on the support tent No on the critical pressure variation rate 

Φc and the maximum pressure difference across the hole on the support tent ΔPLR, max. (a) ds = 50 μm;  

(b) ds = 0.2 mm. 

3.3. Effect of the Microcapillary Fill Tube 

Apart from the support tent, the gas flow in the hohlraum was also affected by the microcapillary 

fill tube. Figure 10 shows the effect of the diameter of the microcapillary fill tube dx on the critical 

pressure variation rate Φc and the maximum pressure difference across the hole in the support tent 

ΔPLR, max. As the diameter of the microcapillary fill tube increased, both the critical pressure variation 

rate Φc and the maximum pressure difference across the hole in the support tent ΔPLR, max increased 

accordingly. Additionally, the curves of the critical pressure variation rate Φc for the filling and 

evacuation processes were very close to each other. Therefore, increasing the diameter of the 

microcapillary fill tube dx prevented failures of hohlraum films. 

0.05 0.06 0.07 0.08 0.09 0.10
0

5

10

15

20

 Filing

 Leaking

|P
L

R
, 

m
a
x
| 
(P

a)


c
 (

at
m

m
in

-1
)

 Filing

 Leaking

d
x
 (mm)

2

4

6

8

 

Figure 10. Effect of the diameter of the microcapillary fill tube dx on the critical pressure variation rate 

Φc and the maximum pressure difference across the hole on the support tent ΔPLR, max. (do = 0.2 mm, 

Ns = 1, lx = 500 mm). 

Figure 10. Effect of the diameter of the microcapillary fill tube dx on the critical pressure variation rate
Φc and the maximum pressure difference across the hole on the support tent ∆PLR, max. (do = 0.2 mm,
Ns = 1, lx = 500 mm).

Figure 11 shows the effect of the length of the microcapillary fill tube lx on the critical pressure
variation rate Φc and the maximum pressure difference across the hole of the support tent ∆PLR, max.
As the length of the microcapillary fill tube increased, both the critical pressure variation rate Φc and
the maximum pressure difference across the hole of the support tent ∆PLR, max decreased accordingly.
Additionally, the curves of the critical pressure variation rateΦc for the filling and evacuation processes
were very close to each other. Therefore, the diameter of the microcapillary fill tube lx should be
reduced to improve the security of the hohlraum film [26,28]. Hence, an increase in the diameter of the
microcapillary fill tube and a decrease in its length both is conductive to the fielding of the hohlraum
film but may leads to the dangerous displacement of the target.
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Figure 11. Effects of the diameter of the microcapillary fill tube lx on the critical pressure variation rate
Φc and the maximum pressure difference across the hole on the support tent ∆PLR, max. (do = 0.2 mm,
Ns = 1, dx = 0.1 mm).

3.4. Effect of the Hohlraum Size

Apart from the structure parameters of the microcapillary fill tube and the support tent, one
more significant issue which needs to be addressed regarding gas flow behaviors during the filling
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and evacuation processes is the size of the hohlraum [6]. Figure 12 shows a prediction of the critical
pressure variation rate Φc and the maximum pressure difference across the hole of the support tent.
By plotting the hohlraum volume V as the abscissa, we found that when the hohlraum volume V
increased, and the critical pressure variation rate Φc decreased sharply, which is conducive to the
high sensitivity of the hohlraum film to the pressure variation rate. Hence, it is essential to reduce the
hohlraum size for the safety of the hohlraum. However, the maximum pressure difference across the
hole of the support tent is independent of the hohlraum volume.Processes 2019, 7, x FOR PEER REVIEW 12 of 15 
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Figure 12. Effect of the hohlraum volume on the critical pressure variation rate Φc and the maximum
pressure difference across the hole on the support tent ∆PLR, max. (do = 0.2 mm, Ns = 1, dx = 0.1 mm,
lx = 500 mm).

4. Conclusions

In this work, a unified flow simulation of the gas filling and evacuation processes through the
microcapillary fill tube and the support tent in an ICF hohlraum was conducted to study the gas
pressure and mass flow rate in the hohlraum. The effects of the hole size and the microcapillary fill
tube size on the critical pressure variation and pressure difference across the hole on the support tent
were examined and analyzed. Guidelines for safely filling and evacuating the ICF hohlraum were
provided. The following conclusions can be drawn from the present results:

1. An excessive filling or evacuation pressure variation rate leads to a large pressure difference
across the hohlraum film and across the hole on the support tent, which may lead to a failure of
the hohlraum. For the hohlraum in this study, the filling or evacuation pressure variation should
be less than 24 atm/min to prevent the rupture of the hohlraum film.

2. A support tent with a larger diameter and more holes is recommended. If the diameter of the
hole on the support tent is larger than 0.06 mm, the critical pressure variation rate is nearly
independent of the hole diameter and number.

3. An increase in the diameter of the microcapillary fill tube and a decrease in its length both lead to
a larger critical pressure variation rate and pressure difference across the hole on the support
tent, which is conductive to the fielding of the hohlraum film but may leads to the dangerous
displacement of the target.
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4. A small-size hohlraum is sensitive to the pressure variation rate of the hohlraum. However,
the maximum pressure difference across the hole on the support tent is independent of the
hohlraum volume.

For the multiscale gas flow during the filling and evacuation processes of the ICF hohlraum, this
investigation not only contributes to a fuller understanding of dynamic gas flow behaviors through
the microcapillary fill tube and the support tent of the ICF hohlraum, but also contributes to precisely
controlling the gas mass flow rate and pressure variation rate via the optimized structure of the
hohlraum, support tent, and microcapillary fill tube, which is of significant importance for the design
of the indirect ICF system [29,30]. Since the gas flow in an ICF hohlraum is a complex multiscale flow
problem, the future research work could focus on the hydrodynamics of gas filling and retention via
the multiscale three-dimensional unsteady numerical simulation.

Author Contributions: Investigation, L.W. and H.Z.; Supervision, C.Y. and F.Y.

Funding: This research was funded by the National Natural Science Foundation of China (No.51706194).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Name Definition

Knudsen number Kn =
µ0
Pdx

√
πRT

2

Symbols’ used
Abbreviations

Symbol

b Parameter for the mass flow rate
d Diameter, mm
L Length, mm
m Mass, kg
.

M Gas mass flow rate, kg/s
.

M f m0
Mass flow rate at the hole on the support tent when the gas flow is towards the vacuum
and at the free-molecular region, kg/s

M Dimensionless gas mass flow rate
Ns Number of support holes
P Pressure, atm or Pa
∆P Pressure difference, atm
R Gas constant of He, J/(mol*K)
T Temperauture, K
t Time, s
W Mass flow rate ratio at the hole of the support tent
va Mean molecular velocity, m/s
V Volume of hohlraum, mm3

Subscrips
avg Average value
c Critical value
h Hohlraum
High High-pressure half of the hohlraum
i Inside the hohlraum
io Between inside and ouside the hohraum
L Left half of the hohlraum
LR Between the left half and the right half of the hohraum
Low Low-pressure half of the hohlraum
max Maximum value
o Outside the hohlraum
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Orifice Through the support tent
R Right half of the hohlraum
r Ratio
s Support hole
t Current time step
x Microcapillary fill tube
Greek symbols
α Parameter for the mass flow rate
α0 Parameter obtained from experimental results of the air flow through a metal capillary
α1 Parameter obtained from experimental results of the air flow through a metal capillary
β Parameter obtained from experimental results of the air flow through a metal capillary
γ1 Parameters related to the pressure ratio
γ2 Parameters related to the pressure ratio
γ3 Parameters related to the pressure ratio
γ4 Parameters related to the pressure ratio
µ0 dynamic viscosity, N·s/m2

π Pi
Φ Pressure variation rate, atm/min
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